Wilkinson R, Song W, Smoktunowicz N, Marston S. A dilated cardiomyopathy mutation blunts adrenergic response and induces contractile dysfunction under chronic angiotensin II stress. Am J Physiol Heart Circ Physiol 309: H1936 -H1946, 2015. First published October 2, 2015; doi:10.1152/ajpheart.00327.2015.-We investigated cardiac contractility in the ACTC E361G transgenic mouse model of dilated cardiomyopathy (DCM). No differences in cardiac dimensions or systolic function were observed in young mice, whereas young adult mice exhibited only mild diastolic abnormalities. Dobutamine had an inotropic and lusitropic effect on the mouse heart. In papillary muscle at 37°C, dobutamine increased relaxation rates [ϳ50% increase of peak rate of force decline normalized to force (dF/dtmin/F), 25% reduction of time to 90% relaxation (t90) in nontransgenic (NTG) mice], but in the ACTC E361G mouse, dF/dtmin/F was increased 20 -30%, and t90 was only reduced 10% at 10 Hz. Pressure-volume measurements showed increases in maximum rate of pressure decline and decreases in time constant of left ventricular pressure decay in the ACTC E361G mouse that were 25-30% of the changes in the NTG mouse, consistent with blunting of the lusitropic response. The inotropic effect of dobutamine was also blunted in ACTC E361G mice, and the dobutamine-stimulated increase in cardiac output (CO) was reduced from 2,100 to 900 l/min. Mice were treated with high doses of ANG II for 4 wk. The chronic stress treatment evoked systolic dysfunction in ACTC E361G mice but not in NTG. There was a significant reduction in rates of pressure increase and decrease, as well as reduced end-systolic pressure and increased volume. Ejection fraction and CO were reduced in the ACTC E361G mouse, indicating DCM. In vitro DCM-causing mutations uncouple the relationship between Ca 2ϩ sensitivity and troponin I phosphorylation. We conclude that this leads to the observed, reduced response to ␤1 agonists and reduced cardiac reserve that predisposes the heart to DCM under conditions of chronic stress. dilated cardiomyopathy; heart muscle contractility; dobutamine; angiotensin II stress 
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NEW & NOTEWORTHY

In vitro, dilated cardiomyopathy (DCM)-causing mutations abolish the change in myofilament Ca 2ϩ sensitivity when troponin I is phosphorylated by PKA. With the use of a mouse model of DCM, we show that this leads to a blunting of the response to dobutamine and under chronic ANG II stress, predisposes to systolic dysfunction characteristic of DCM.
DILATED CARDIOMYOPATHY (DCM) is an important cause of heart failure and is accountable for ϳ10,000 deaths annually in the United States. The disease is characterized clinically by severe left ventricular (LV) dilation, with LV end-diastolic dimension in the Ͼ95th percentile for age and body surface area and impaired systolic performance, including a shortening fraction Ͻ28%, with the exclusion of other known etiologic factors, such as coronary artery disease (12, 14, 21) .
Molecular and genetic studies have established that at least 40% of DCM cases are due to genetic mutations. Inheritance is often autosomal dominant with incomplete penetrance, although a case of X-linked inheritance has been reported. More than 100 genes have been reported as causing the disease, including all of the genes coding for sarcomeric proteins [cardiac actin, ACTC, cardiac troponin (cTnI, TNNI3, cTnC, TNNC1, cTnT, TNNT2), tropomyosin (TPM1), myosin heavy and light chains (MYH7, MYL1, MYL2), myosin-binding protein C (MYBPC3), and titin (TTN)] but also including many Z-disk-associated proteins (telethonin, TCAP, muscle LIM protein, CSRP3), cytoskeletal proteins (desmin, DES, dystrophin, DMD), and nuclear envelope proteins (lamin A/C, LMNA) (12) . Of particular interest to this study is the fact that cases of idiopathic DCM-those not coupled with other symptoms, such as conduction disease-are most often caused by mutations in contractile proteins, such as actin, myosin, troponin (all three subunits), and tropomyosin (14, 17, (21) (22) (23) . Such mutations have been investigated extensively by both in vivo and in vitro approaches (3, 17, 20) . Since mutations in different contractile proteins lead to a common phenotype, it is possible that they alter the contractile mechanism in the same manner.
The establishment of a molecular defect that accounts for the DCM phenotype has been a complex study, particularly since most transgenic mouse models with DCM-causing mutations exhibit little or no phenotype at rest. Initially, it was proposed that DCM-causing mutations in thin-filament proteins may cause a decrease in the Ca 2ϩ sensitivity of the thin filaments with resultant hypocontractility (3, 20) . However, recent work with both recombinant proteins and intact myofibrils has provided results that challenge this simple hypothesis, indicating that decreased Ca 2ϩ sensitivity could not be the prime cause of the DCM phenotype (17, 18 ).
An alternative hypothesis for the DCM phenotype has been proposed, in which the response of cardiac muscle to ␤-adrenergic stimulation is blunted. Initial studies on the TNNC1 G159D and ACTC E361G mutations showed that the ability of TnI phosphorylation by PKA to decrease Ca 2ϩ sensitivity was lost as a consequence of the mutations (2, 6, 31) . This uncoupling effect was subsequently demonstrated in a wide range of DCM-causing mutations in actin, troponin, and tropomyosin and seems to be a common property of DCM-causing mutations in sarcomeric proteins (18, 19) .
These in vitro experiments suggest a disease-causing mechanism for DCM. The PKA-dependent decrease in thin-filament Ca 2ϩ sensitivity and increase in the rate of Ca 2ϩ dissociation from the thin filaments are essential components of the lusitropic element of adrenergic stimulation. The uncoupling of Ca 2ϩ sensitivity from TnI phosphorylation caused by the thin-filament DCM mutations, including ACTC E361G, blunts the response to adrenergic stimulation, compromising the lusitropic response and adversely affecting cardiac reserve. It is predicted that this contractile dysfunction under stress would eventually progress to DCM.
We have been using the ACTC E361G transgenic mouse model of DCM to investigate the physiological consequences of uncoupling. At the molecular level and in single myofibrils, the ACTC E361G mutation causes uncoupling but does not affect length-dependent activation or the effect of Ca 2ϩ -sensitizing drugs and has a variable effect on Ca 2ϩ sensitivity (18, 31, 33) . At the whole animal level, the phenotype of the ACTC E361G mice appeared benign; the ACTC E361G mice only differed from nontransgenic (NTG) mice with a 15% higher LV internal diameter. No significant differences were found at the cellular level either. Hemodynamic parameters of the whole mouse, obtained by both conductance catheter and MRI, also failed to yield any differences at basal conditions. However, in further cine-MRI experiments involving dobutamine treatment, the ACTC E361G mice showed a blunted response to the catecholamine compared with NTG mice (31) . Thus the in vivo results appear to be compatible with the current hypothesis and suggest that the DCM phenotype may only be manifested if the mice were put under chronic cardiac stress.
The aims of this study were to test this hypothesis. Since we have not investigated the ACTC E361G mouse younger than 4 mo and since a study on another transgenic mouse with an ACTC mutation (E99K) showed markedly different contractile phenotypes at 4 -6 wk and at 4 mo (32), we concentrated on younger mice. We evaluated the effect of the ACTC E361G mutation on the acute response to stress by increased stimulation frequency and ␤1 agonists in both whole mouse and isolated papillary muscle and to chronic stress applied by ANG II infusion for 4 wk. We demonstrate that the ACTC E361G mutation blunts responses to dobutamine in intact heart muscle, reduces cardiac reserve, and leads to contractile dysfunction under chronic stress.
METHODS
The generation of ACTC E361G transgenic mice and their phenotypic characterization have been described previously (31) . Experiments and animal handling were carried out in accordance with College and Home Office guidelines. Mice were euthanized using humane methods specified under Schedule I of the UK Animals (Scientific Procedures) Act 1986. All other procedures conformed to the guidelines provided and were approved by the Home Office as per the personal and project licenses.
Echocardiography
Mice (6 wk old) were anesthetized by 5% isoflurane vol/vol in 100% O 2 (0.5 ml/min) inside an anesthetic chamber (VetTech, Cheshire, UK), then transferred to a temperature-controlled platform (Mouse Handling Platform II; Indus Instruments, Webster, TX) with gold-surface ECG electrodes, and placed in the ventral decubitus position where they received 1-1.5% isoflurane and 0.5 ml/min O 2 via a Bain coaxial nose cone connected to a scavenger for the removal of excess anesthetic gases. ECG, respiratory rate, and temperature were recorded continuously throughout the protocol using the THM150 Physiological Controller Unit. Two-dimensional cardiac echocardiography was carried out using a VisualSonics Vevo 770 system with an RMV-707B probe with a transducer frequency of 30 MHz. LV cavity size and wall thickness were measured in at least three beats from each projection and averaged. LV wall thickness [interventricular septum (IVS) and posterior wall thickness] and internal dimensions at diastole and systole (LVIDd and LVIDs, respectively) were measured. LV fractional shortening [(LVIDd Ϫ LVIDs)/LVIDd] is calculated from the Mmode measurements.
Pressure-Volume Relationship in Vivo
In vivo cardiac function was assessed in anesthetized mice (16 wk old) by pressure and volume measurements using a 1.2F Mikro-Tip pressure-volume (PV) catheter (Millar Instruments, Houston, TX) and recorded with the MPVS-300 system (Millar Instruments) coupled to a PowerLab (ADInstruments, San Diego, CA) and a personal computer. Anesthesia was induced with 5% isoflurane. The mouse was placed supine on a thermoregulated surgical table at 37 Ϯ 0.5°C. Invasive surgeries were done under 2.5% isoflurane. Positive end-expiratory pressure (2.5 cmH 2O) ventilation via endotracheal catheter was maintained with 100% O2 using a mouse ventilator (Minivent type 845; Hugo Sachs Elektronik, Harvard Apparatus, Holliston, MA).
The subclavian vein was exposed for saline injection. The conductance catheter was advanced into LV through carotid artery. Anesthesia was then maintained with 1-1.5% isoflurane for recording. Calibration of the parallel conductance was performed using injection of 10% hypertonic saline via the subclavian vein. LV blood was collected at the end of the experiment for volume calibration.
Pressure and volume were recorded throughout the entire procedure from the point of insertion of the PV catheter into the carotid artery. Upon hemodynamic parameters reaching a steady state, mice were given a bolus intraperitoneal (ip) injection of the selective ␤1-adrenoceptor agonist dobutamine (1.5 mg/kg body wt). The effect was assessed at the point where the drug was deemed to have exerted its maximum effect, as judged by the maximum increase in heart rate; this typically occurred 5-10 min after the dobutamine injection. PV loop analysis was made with PVAN 4.0 (Millar Instruments). Heart rate, maximal LV end-systolic pressure (ESP), LV end-diastolic pressure, maximum rate of pressure increase (dP/dt max) and the maximum rate of pressure decline (dP/dtmin), time constant of LV pressure decay (tau), ejection fraction (EF), stroke volume (SV), end-diastolic volume (EDV), cardiac output (CO), and stroke work were computed.
Contractility of Intact Papillary Muscles
We used muscles from ACTC E361G transgenic mice and control NTG littermates (18 -20 wk old). Muscle preparation and conditioning protocol were the same as described in our earlier study (31) . The heart was quickly removed and rinsed in standard saline solution plus 30 mmol/l 2,3-butanedione 2-monoxime (BDM) to remove blood. The standard saline solution contained (in mmol/l) 118 NaCl, 4.75 KCl, 1.18 KH 2PO4, 1.18 MgSO4, 24.8 NaHCO3, 2.5 CaCl2, 10 glucose, and 0.28 mM ascorbic acid (all Sigma, Dorset, UK) and was equilibrated with 95% O2-5% CO2. The ventricle was opened, and papillary muscle was dissected with BDM present. Platinum foil clips were attached to both ends of the muscle, which was transferred to an Aurora 801C Small Intact Muscle Apparatus setup (Aurora Scientific, Bristol, UK), where one end was attached to a force transducer and the other end to a hook. The organ bath temperature was controlled by a Thermometer/TEC Controller (825A; Aurora Scientific). Standard saline solution (without BDM) flowed continuously through the bath at 27 or 37°C. Muscle length was adjusted to give a passive force of 5 kPa. This degree of passive force was shown corresponding to a sarcomere length of ϳ2.1 m in our previous studies (31, 32) . After 1 h conditioning, the muscle was stimulated, and voltage was adjusted to supramaximal strength at a constant pulse duration of 0.5 ms. The muscle was stimulated at 0.2 Hz for a 10-min run-in period before being stimulated at a series of frequencies between 0.1 and 5 Hz. At 27°C, stimulation at increasing frequencies was given in a continuous sequence. At 37°C, to avoid diffusion lag and muscle rundown, we adopted an intermittent protocol, starting at the highest frequency with a short rest between each frequency. Specific force (in kPa) was evaluated by expressing force relative to muscle cross-sectional area (CSA) as follows: CSA ϭ w/(L 0 ϫ d), where w is the mass of the blotted muscle after removal of the tissue held within the clips, L0 is the distance between the clips measured on the digital photo of the muscle on the thermopile, and d is muscle density (assumed to be 1.0 mg/mm 3 ). Muscle radius was calculated assuming a circular crosssection.
Chronic ANG II Infusion Using Osmotic Minipump
Anesthesia in mice (8 wk old) was induced by 5% isoflurane vol/vol in 100% O2 (0.5 ml/min). Once mice were fully anesthetized (confirmed by loss of the Labyrinthine righting reflex), they were transferred to a heated surgical table (VetTech), and anesthesia was maintained at 2.5% using a custom-made nose cone. The mice were initially placed in the ventral decubitus to facilitate an ip injection of buprenorphine (0.1 mg/kg body wt; Vetergesic; Alstoe Animal Health, York, UK) to provide postsurgical analgesia. Mice were then moved into the dorsal decubitus position to facilitate access to the scapula region. A roughly 3-cm 2 area in the mid-scapular region was shaved and prepared for the surgery. The surgical area was then cleaned using disinfectant (Hydrex Pink Derma Spray; Ecolab, Cheshire, UK). A small (ϳ1 cm sc) incision was then made. Blunt dissection with hemostats was subsequently used to separate the subcutaneous connective tissues to create a tunnel and subdermal pocket for the minipump in the subscapula region. Alzet 1004 minipumps (Alzet Osmotic Pumps, Kent, UK) were loaded with ANG II to give 1.4 or 2.0 mg·kg Ϫ1 ·day Ϫ1 for 28 days, according to the manufacturer's instructions. The minipump was then inserted through the incision and positioned in the pocket using blunt-tipped forceps. The surgical wound was then briefly cleaned before two to three, 7-mm wound clips (Alzet Osmotic Pumps) were applied, using a wound clip applier (Reflex 7 mm wound clip applier; Alzet Osmotic Pumps) to close the incision. The wound was then inspected and cleaned a final time and the anesthesia withdrawn, allowing the animal to recover under oxygen (0.5 ml/min). Mice were then transferred to a heated recovery chamber until sufficiently recovered to return to their original cage. Mice were closely monitored for signs of surgical pain (28) in the postoperative period and given further injections of analgesia (buprenorphine) if required. Mouse body weight was also monitored throughout the infusion period as a general indicator of health status.
Statistical Analysis
All data are presented as means Ϯ SE, unless indicated otherwise. Statistical analysis was performed between two treatment groups by unpaired Student's t-test and between multiple treatment groups by one-way or two-way ANOVA. P Ͻ 0.05 was considered significant.
RESULTS
Young ACTC E361G Mice Do Not Show a DCM Phenotype under Basal Conditions
Echocardiography. M-Mode recordings were used to make measurements of cardiac dimensions and function in young (6 wk old) ACTC E361G mice and age-matched NTG littermates. Consistent with the findings in older mice (30) , young ACTC E361G mice show significantly decreased LVIDd. This is further associated with decreased EDV and SV, leading to a trend toward decreased CO. Taken together, these results hint at LV hypertrophy in ACTC E361G mice; however, no significant differences were observed in systolic performance.
PV relationship in vivo. Since PV loops are technically challenging to perform in very young mice, we recorded from 16-wk-old ACTC E361G mice and age-matched NTG littermates. Consistent with echocardiography results, there was no significant difference in systolic function between ACTC E361G and NTG mice. In contrast, the relaxation time constant (tau) increased significantly in ACTC E361G mice (16.6 Ϯ 0.7 ms vs. 12.3 Ϯ 0.3 ms, P Ͻ 0.0001). Furthermore, ACTC E361G mice had a significantly faster heart rate compared with NTG mice (508.2 Ϯ 3.6 beats/min vs. 453.4 Ϯ 7.2 beats/min, P Ͻ 0.0001). No differences were observed in SV, CO, and EF.
Contractility of intact papillary muscles. Since ACTC E361G mice show only a slightly abnormal contractile phenotype in vivo, we next studied the contractility of isolated mouse heart papillary muscle with ACTC E361G mutation to detect subtle differences due to the mutation. ACTC E361G papillary muscles were initially examined at 27°C, as previous work has shown that at subphysiological temperatures, intact cardiac preparations endure less rundown of performance than at more physiological temperatures (32, 34) . Papillary muscles were stimulated at a range of subphysiological frequencies (from 0.1 to 5 Hz), and isometric twitch parameters were recorded and analyzed. The final protocol was based on the methodology used by Redel et al. (27) with the timing adjusted in a series of optimization experiments to ensure twitch force had reached steady state at each frequency tested.
A decline in peak force was observed with increasing stimulation frequency in both ACTC E361G and NTG muscles (P ϭ 0.001), indicating a negative force-frequency relationship. The ACTC E361G mutation produced significantly higher force than NTG at frequencies below 2 Hz (P ϭ 0.0151). The time to peak tension was significantly shorter in ACTC E361G muscles compared with NTG muscles (P ϭ 0.0054). The increase in frequency caused a significant decrease in the time to 50% and 90% relaxation (t 50 and t 90 , respectively) in both ACTC E361G and NTG muscles (P Ͻ 0.0001), indicating a frequency-dependent acceleration of relaxation (FDAR) that was not significantly different between the two groups. However, ACTC E361G mouse muscle showed significantly longer t 50 and t 90 compared with NTG (frequency range 0.1-4 Hz, P Ͻ 0.0001). Consistent with the decreased duration of relaxation, increased stimulation frequency also caused a significant decrease in the time constant of relaxation (tau) in both ACTC E361G and NTG muscles (P Ͻ 0.0001). The ACTC E361G mutation showed a greater tau across the frequency range studied (0.1-4 Hz, P Ͻ 0.0001).
We then measured the papillary muscle contractility at the physiologically relevant temperatures of 37°C to compare with the in vivo measurements. At 37°C, the cellular processes that facilitate muscle relaxation occur faster, and thus twitch duration is shorter. Stimulation frequency can therefore be increased, allowing a range of more physiological frequencies (up to 10 Hz) to be investigated. We used an intermittent stimulation protocol to avoid muscle rundown.
The force-frequency relationship changed from slightly negative, as observed at 27°C, to flat (P Ͼ 0.9999; Fig. 1 , A and B) in both ACTC E361G and NTG muscles. Maximum force production occurred at 1 Hz, and similar to responses at 27°C, ACTC E361G muscles produced significantly more force than NTG (12.92 Ϯ 3.61 kPa vs. 7.34 Ϯ 1.65 kPa for ACTC E361G and NTG, respectively, P ϭ 0.0026). Time to peak force was again significantly shorter in ACTC E361G muscles (Fig. 1C) . The effect of frequency on the peak rate of force development (dF/dt max /F; Fig. 1D ) and decline (dF/dt min /F; Fig. 1E ), normalized to the maximum force produced by each muscle during the force-frequency experiment, showed no significant differences.
The increase in frequency caused a significant decrease in the duration of relaxation for both ACTC E361G and NTG muscles, indicating an FDAR. t 50 and t 90 were prolonged significantly in ACTC E361G at a frequency range compared with NTG (1-8 Hz, P Ͻ 0.0001; Fig. 1, F and G) . Consistent with the decreased duration of relaxation, increased stimulation frequency also caused a significant decrease in tau, in both ACTC E361G and NTG muscles (P Ͻ 0.0001; Fig. 1H ). For the ACTC E361G mouse muscle, tau was significantly greater than for NTG across the frequency range (1-4 Hz). Thus even at the more physiological temperature and stimulation frequencies, ACTC E361G mice do not exhibit contractile dysfunction. (open circles) muscles and n ϭ 3 NTG (solid circles) muscles. Force (A), force normalized to force produced at 1 Hz (B), time to peak force (C), peak rate of force development (dF/dtmax/F; D), peak rate of force decline normalized to force (dF/dtmin/F; E), time to 50% relaxation (F), time to 90% relaxation (G), and relaxation time constant (tau; H). Data were analyzed by 2-way ANOVA; *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001 E361G vs. NTG.
The ACTC E361G Mutation Blunts the Response to ␤1-Adrenergic Stimulation
We tested the hypothesis that the ACTC E361G mutation uncouples the relationship between TnI phosphorylation and myofibril Ca 2ϩ sensitivity and thus blunts the response to adrenergic agonists by examining the effects of dobutamine on cardiac contractile function in ACTC E361G and NTG mice in vitro and in vivo.
Effects of dobutamine on contractility of intact papillary muscles. The effect of dobutamine on the force-frequency relationship of mouse papillary muscle was measured at 37°C.
To compare the difference in force production in the presence of dobutamine, force was normalized to the force produced at 1 Hz. It is apparent from this data that whereas the effect of dobutamine on normalized force production is minimal in both ACTC E361G and NTG muscles between 1 and 5 Hz, from 6 to 10 Hz, dobutamine increased force in NTG muscle but not in ACTC E361G muscle (Fig. 2A) . Furthermore, at these higher and thus more physiologically relevant frequencies, dobutamine changes the force frequency relationship in NTG muscles from slightly negative to positive, whereas in the ACTC E361G muscles, the force-frequency relationship remains flat 2 . Effect of dobutamine on intact papillary muscle contractility. Papillary muscles, isolated from both ACTC E361G (n ϭ 5) and NTG mice (n ϭ 3-5), were stimulated with the addition of 10 M dobutamine to the perfusion solution at 37°C. Means Ϯ SE of the muscle function measurements (left); percent change with treatment at physiologically relevant frequencies (right) of the following: force production normalized to force produced at 1 Hz (A), time to peak tension (B), time to 90% relaxation (C), dF/dtmin/F (D), and relaxation rate constant (tau; E). Data were analyzed by 2-way ANOVA; *P Ͻ 0.05. with or without dobutamine, indicating a blunting of the inotropic response. Dobutamine also reduced time to peak contraction with a significantly smaller change in the ACTC E361G mouse compared with NTG (Fig. 2B) .
Dobutamine shortened relaxation time and increased the maximum speed of relaxation in both ACTC E361G and NTG papillary muscles, contracting isometrically at 37°C. Dobutamine reduced t 90 in ACTC E361G and NTG muscles (P Ͻ 0.0001; Fig. 2C ), but again, this effect was reduced significantly in ACTC E361G muscles at higher frequencies (8 -10 Hz, P Ͻ 0.05). Dobutamine also increased dF/dt min /F, but the difference was not significant (Fig. 2D) . Furthermore, dobutamine accelerated the relaxation rate, but this effect was again less in ACTC E361G papillary muscles, reaching 0 at 10 Hz (Fig. 2E) . Taken together, these data indicate a substantial blunting of the lusitropic response in ACTC E361G mouse heart muscle.
Effects of dobutamine on PV relationship in vivo. In NTG mice, the dobutamine bolus injection was associated with a 1.2-fold increase in heart rate (P ϭ 0.0001; Fig. 3A) , indicating a positive chronotropic response, as expected, with a simultaneous increase in SV (P ϭ 0.0003; Fig. 3B ), resulting in increased CO (P Ͻ 0.0001; Fig. 3C ). The effect of dobutamine was less in the ACTC E361G mice. The trend toward a blunted increase in SV in ACTC E361G mice was not significant (P ϭ 0.1425), but the dobutamine-induced increase in heart rate and consequent increase in CO were significantly smaller in ACTC E361G mice (P Ͻ 0.0001 and P Ͻ 0.0003, respectively), indicating a blunted chronotropic response, synonymous with a reduced cardiac reserve.
A positive inotropic response was also observed in NTG mice, as shown by a significant increase in ESP (P Ͻ 0.0001; Fig. 3D ) and dP/dt max (P Ͻ 0.0001; Fig. 3E ). The dobutamineinduced increases in ESP and dP/dt max (Fig. 3, D and E, respectively) were significantly smaller in ACTC E361G mice when compared with NTG mice (P ϭ 0.0095 and P Ͻ 0.0001, respectively). There was no significant change in end-systolic volume (ESV) with dobutamine in NTG or ACTC E361G mice (P ϭ 0.4662 and P ϭ 0.208, respectively; Fig. 3F ) and accordingly, no difference in the effect of dobutamine on this parameter between genotypes (P ϭ 0.7844).
NTG mice showed a positive lusitropic response to dobutamine, characterized by a 1.2-fold increase in dP/dt min (dP/ dt min was Ϫ6,479 Ϯ 376 mmHg/s at baseline vs. Ϫ7,844 ϩ 317 mmHg/s after dobutamine, P ϭ 0.0001; Fig. 3G ) and a significant abbreviation of the time constant of relaxation (tau was 12.30 Ϯ 0.32 ms baseline vs. 10.10 Ϯ 0.39 ms after dobutamine, P ϭ 0.002; Fig. 3H ), indicating an increased speed of relaxation. Conversely, ACTC E361G hearts had a blunted lusitropic response to dobutamine, which increased the maximal rate of relaxation (dP/dt min was Ϫ5,694 Ϯ 374 at baseline vs. Ϫ6,151 Ϯ 328 mmHg/s after dobutamine, P ϭ 0.0003) and slightly but significantly decreased the time constant of relaxation (tau was 16.59 Ϯ 0.67 ms at baseline vs. 16.18 Ϯ 0.65 ms after dobutamine, P ϭ 0.01). However, these changes were significantly smaller than in NTG mice (P ϭ 0.0017 and P ϭ 0.0203, respectively). In contrast to our previous measurements (31) , EDV increased slightly in both NTG (by 9.1%) and ACTC E361G (by 5.1%) mice, but there was no difference in the dobutamine-induced increase (P ϭ 0.1838) or in the mean postdobutamine EDV (P ϭ 0.9576; Fig.  3I ) between NTG and ACTC E361G. This suggests that despite the blunted, lusitropic response to dobutamine in ACTC E361G mice, the ACTC E361G hearts still achieve complete relaxation by the end of diastole, albeit more slowly.
The ACTC E361G Mutation Predisposes Mice to Systolic Dysfunction under Chronic Stress
We next used the potent vasopressor ANG II to induce chronic cardiac stress in 8-wk-old mice. In acute measurements, ANG II increased ESP in a dose-dependent manner, which was similar for NTG and ACTC E361G mice. In our initial experiments, ACTC E361G and NTG mice were implanted with osmotic minipumps, delivering 1.4 mg·kg examined by echocardiography at baseline and at weekly intervals for the duration of the infusion period. At baseline, heart rate and fractional shortening were not significantly different in NTG and ACTC E361G mice. ANG II infusion caused a modest effect on cardiac function over the period of 4 wk with trends toward a greater increase in heart rate ( Fig. 4A), CO (Fig. 4B), and SV (Fig. 4C) in NTG mice. EF (Fig. 4D ) increased in NTG mice but decreased in ACTC E361G mice, and by the end of the experiment, ACTC E361G mice had significantly decreased EF (P ϭ 0.021) compared with NTG mice.
LVIDd increased over the period of 4 wk of ANG II infusion in both NTG and ACTC E361G mice (Fig. 4E) . However, NTG mice showed a decrease in LVID in the final week of the experiment, whereas in ACTC E361G mice, it remained increased significantly. Similarly, end-diastolic IVS thickness increased significantly in both ACTC E361G and NTG mice over the infusion period (P Ͻ 0.001). In the final week of the experiment, NTG mice showed a decrease in IVS thickness, whereas in ACTC E361G mice, it remained increased (Fig.  4F) . There was also a significant increase recorded in ESV and EDV from the baseline for both NTG and ACTC E361G mice ANG II ANG II ANG II ANG II   ANG II ANG II ANG II ANG II  ANG II ANG II ANG II ANG II   ANG II ANG II ANG II ANG II  ANG II ANG II ANG II ANG II   ANG II ANG II ANG II ANG II  ANG II ANG II ANG II ( Fig. 4, G and H, respectively) . At the end of the experiment, ESV and EDV remained increased in ACTC E361G mice compared with NTG mice. Altogether, these data suggest that under chronic angiotensin-induced stress, ACTC E361G mouse hearts develop hypertrophy initially and later dilation. We performed a small number of terminal PV measurements that produce results compatible with this conclusion.
Since the effects of ANG II infusion were surprisingly small, especially in the NTG mice, we increased the dose to 2 mg·kg Ϫ1 ·day Ϫ1 , and heart function was analyzed by PV catheter at the end of the treatment, since in our experience, this methodology could report small differences more reliably than echocardiography. In this experiment, we also included a sham-operated ACTC E361G mouse control.
After 4 wk infusion, the heart rate ( Fig. 5A) and SV (Fig.  5C) were not affected by the treatment, but the EF (Fig. 5D ) and consequently, CO (Fig. 5B) were reduced significantly in ACTC E361G mice, indicative of systolic dysfunction. This was associated further with significantly decreased ESP (Fig.  5F ) and a trend toward an increase in ESV (Fig. 5E) . ACTC E361G mice also showed significantly reduced rates of pressure rise (Fig. 5G ) and volume reduction (Fig. 5H ) in systole compared with NTG mice.
DISCUSSION
We have investigated the ACTC E361G transgenic mouse model of familial DCM to understand the mechanism by which the sarcomeric protein mutation causes the DCM phenotype. This model is particularly suitable for mechanistic investigation for several reasons. The transgene is expressed in a hybrid strain of mouse C57BL/6xCBA/Ca, which is always backcrossed to certified hybrid stock rather than a pure-bred line. We have previously shown that in the ACTC E361G mouse model, mutant actin is consistently expressed at ϳ50% of total actin-the level expected in human heterozygote patients (31)-and it has been demonstrated that the MYH promoter overexpression system used to drive expression of mutant actin does not lead to accumulation of excess mutant in the sarcoplasm (15)-a problem that has been highlighted in another model of DCM (26) . Finally, cardiac actin has the same amino acid sequence and isoform distribution in both human and mouse (4) . Thus this model avoids the potentially confounding issues of nonhuman isoforms and sequences.
Studies on isolated thin filaments containing mutant actin plus human heart troponin and tropomyosin and in myofibrils from ACTC E361G transgenic mice have demonstrated that the basal myofilament Ca 2ϩ sensitivity is not consistently lower than wild-type, which was initially proposed as an explanation for the DCM phenotype (3, 20) . In fact, native ACTC E361G thin filaments have the same Ca 2ϩ sensitivity as wild-type in the in vitro motility assay, whereas if skeletal muscle troponin is used, the mutant Ca 2ϩ sensitivity is 2.5-fold lower (31) . In contrast, in ACTC E361G myofibrils, the Ca 2ϩ sensitivity of isometric tension is 2.5-fold higher than wild-type (33) . This extreme variability in the effect of the mutation on Ca 2ϩ sensitivity within one mutation under different conditions is mirrored by the variability of the Ca 2ϩ -sensitivity change induced by different DCM-causing mutations under the same conditions and indicates that the DCM phenotype cannot be related to the basal Ca 2ϩ sensitivity (17, 18) . It is likely that mutations affect the modulation of Ca 2ϩ sensitivity by TnI phosphorylation rather than baseline Ca 2ϩ sensitivity. In vitro studies have demonstrated that the modulation of Ca 2ϩ sensitivity and relaxation rate by PKA-catalyzed phosphorylation of TnI is abolished by many DCM-causing mutations in thin-filament proteins, including ACTC E361G, and in some hypertrophic cardiomyopathy-causing mutations also (18, 19) . Since this is the only consistent abnormality of DCM mutations, we have proposed that this "uncoupling" of Ca 2ϩ sensitivity from TnI phosphorylation could be causative of the DCM phenotype. The increase in the rate of Ca 2ϩ release from troponin when it is phosphorylated is an essential component of the lusitropic response to ␤1-adrenergic stimulation in the heart; therefore, the loss of this modulation is predicted to lead to a blunted response to ␤1 stimulation under stress and a reduced cardiac reserve.
The ACTC E361G Mutation Is Associated with Hypercontractility and Prolonged Relaxation Rather Than a DCM Phenotype at Rest
We made a thorough comparison of the contractility of the ACTC E361G heart in isolated papillary muscle by PV catheter and by echocardiography in young adult mice. In good agreement with the preliminary investigation of this mouse model at 12 and 18 mo (31), we found that ACTC E361G mice kept under resting conditions do not have an overt DCM phenotype. No differences in cardiac dimensions or systolic function were observed in young mice, whereas young adult mice exhibited only mild diastolic abnormalities and again, no systolic dysfunction.
However, a consistent finding across the different methodologies was that the ACTC E361G mutation is associated with a prolongation of cardiac relaxation. Investigation of young adult mice using a PV catheter showed that the ACTC E361G mutation is associated with an increase in the time constant of relaxation-a robust measurement of isovolumic relaxation time. In intact muscle preparations, all analyzed parameters of cardiac relaxation were slower in ACTC E361G muscles. This included parameters used to characterize the early phase of relaxation (t 50 and dF/dt min /F), as well as parameters used to characterize the late phase of relaxation [t 90 and the time constant of relaxation (tau) (27) ]. These observations are consistent with the enhanced Ca 2ϩ sensitivity and slower relaxation rate observed in isolated ACTC E361G myofibrils (33) . However, prolonged relaxation does not appear to be a consistent finding among DCM-causing thin-filament protein mutations, with some mouse models showing diastolic dysfunction (26) , whereas others show only systolic impairment (5). In the ACTC E361G mouse, Song et al. (31) reported a 40% increase in tau at 12 mo but not at 18 mo; similarly, heart rate was elevated in ACTC E361G mice at 4 mo but not at 12 or 18 mo, suggesting that age-related secondary changes in phenotype might mask the direct effect of the mutation. Such findings emphasize again that DCM mutations in mouse models do not appear to produce a consistent and potentially diseasecausing effect on basal contractility.
The DCM Mutation ACTC E361G Blunts Contractile Response to Dobutamine
It has been demonstrated that myofibril Ca 2ϩ sensitivity is not modulated by TnI phosphorylation in isolated ACTC E361G thin filaments and in single myofibrils (18, 31, 33) . When we tested the effect of the ␤1-specific agonist dobutamine on contractility in young adult mice, we found that dobutamine had an inotropic and lusitropic effect on wild-type mouse heart, both in papillary muscle and in PV measurements, that was substantially attenuated in the ACTC E361G mouse. In wild-type papillary muscle at 37°C, the effects of dobutamine were more marked at frequencies above 6 Hz that correspond to the normal heart rate in mice. As expected, relaxation was faster after dobutamine treatment of wild-type mice. In papillary muscle at 37°C, dobutamine increased relaxation rates (ϳ50% increase of dF/dt min /F, 25% reduction t 90 ), but in the ACTC E361G mouse, dF/dt min /F was increased 20 -30%, and t 90 was only reduced 10% at 10 Hz. Correspondingly, PV measurements showed increases in dP/dt min and decreases in tau in the ACTC E361G mouse that were onefourth to one-third of the changes in the wild-type mouse, consistent with substantial blunting of the lusitropic response, as suggested by Song et al. (31) . Somewhat surprisingly, the inotropic effect of dobutamine was also blunted in ACTC E361G mice, as demonstrated by a reduced effect of dobutamine on ESP, dF/dt max /F, and ESV in PV measurements and 85% reduction of the increase in maximum force in papillary muscle. The combination of these effects is to reduce the dobutamine-stimulated increase in CO (a measure of cardiac reserve) from 2,100 to 900 l/min. This result is similar to that obtained when TnI was made unphosphorylatable, by substituting slow skeletal TnI (8) or by introducing a mutation where serine 23/24 was converted to aspartic acids (35) . Thus as predicted, the uncoupling of the relationship between Ca 2ϩ sensitivity and TnI phosphorylation by the ACTC E361G DCM-causing mutation results in reduced physiological cardiac reserve. This behavior is compatible with the absence of a DCM phenotype in the ACTC E361G mouse at rest and indicates further that it is likely that the mutant mouse hearts will be unable to respond normally to chronic stress, and this may be sufficient to induce a DCM phenotype.
Reduced Cardiac Reserves Predispose ACTC E361G Mice to Symptoms of DCM under Stress
Therefore, we hypothesized that the loss of cardiac reserve would predispose ACTC E361G hearts to failure under chronic stress. Whereas humans are generally exposed to a plethora of external stresses, caged mice are kept under a consistent, controlled environment and live a relatively sedentary and stress-free life (29) . To test this hypothesis, we implanted ACTC E361G and NTG mice with osmotic minipumps filled with agents that hemodynamically and pharmacologically stress the heart when applied chronically (24) .
To elicit evidence of mutation-related DCM, we needed to treat the mice with high doses of ANG II for 4 wk. The effects of 1.4 mg·kg Ϫ1 ·day Ϫ1 ANG II induced quite mild systolic dysfunction in the ACTC E361G mice, with lower fractional shortening and EF developing compared with NTG from wk 2 onward. At the end of a 4-wk infusion period, with 2 mg·kg Ϫ1 ·day Ϫ1 ANG II, PV measurements showed that the chronic stress treatment evoked symptoms of contractile dysfunction in ACTC E361G mice but not NTG. Compared with the NTG mice, ACTC E361G mice had significantly lower rates of pressure increase and decrease, as well as reduced ESP and increased volume. As a result, EF and CO were reduced in the ACTC E361G mouse, indicating mutation-induced contractile dysfunction characteristic of the initial stages of DCM.
C57BL/6xCBA/Ca Mouse Strain Is Resistant to Chronic Cardiac Stress
It is interesting to note that the chronic ANG II treatment had very little effect on the wild-type mouse, and throughout our studies of the ACTC E361G transgenic mouse, it has been apparent that the mutation-induced contractile dysfunction is barely detectable, whereas others have reported mouse models of DCM that cause overt dysfunction (5, 13). Moreover, in preliminary studies, we found that both wild-type and ACTC E361G mice proved surprisingly resistant to 1-and 2-wk treatments with isoprenaline ϩ phenylephrine or low doses of ANG II that have been demonstrated to cause heart failure in other mouse models (11, 16, 29) ; a high dose of ANG II over 4 wk was required to uncover evidence of the DCM phenotype in our ACTC E361G mouse model. There is no reason to believe that the ACTC E361G mutation is especially benign in vivo (23) ; however, we suspect that the variation in effects of pharmacological stress agents is related to the variety of different mouse strains used in transgenic and knock-in mouse models. A number of studies point to a significant effect of mouse strain, or even substrain, in determining the response to chronic cardiac stress, including chronic isoprenaline or angiotensin infusion (1, 7, 9, 10, 30) , and it appears that C57BL/6 mice are particularly resistant to ANG II (25) . There do not appear to be any studies on the effect of hybrid backgrounds, such as the C57BL/6xCBA/Ca strain used for this study, but it is reasonable to expect that the compensatory mechanisms of both genotypes may be combined.
Conclusion
We conclude that the DCM-causing mutation ACTC E3621G leads to an uncoupling of the relationship between Ca 2ϩ sensitivity and TnI phosphorylation that results in the observed reduced response to ␤1 agonists and reduced physiological cardiac reserve and that this predisposes the heart to developing symptoms of DCM under conditions of chronic stress.
